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We describe a series of sampling sensitivity experiments to examine potential errors due to data scatter 
around expendable bathythermograph (XBT) transects in the tropical Pacific. We use a linear, multiple 
vertical mode model forced with three different monthly mean wind stress sets for the period 1979-1983. 
The model is sampled along approximately straight lines of grid points corresponding to the mean 
positions of XBT tracks in the eastern, central, and western Pacific and then sampled again at the dates 
and locations of actual XBT casts for 1979-1983. Model dynamic heights are calculated with a resolution 
of 1" of latitude and 1 month, then processed to a monthly mean seasonal cycle and anomalies associated 
with the 1982-1983 El Niño. When results are compared for the two methods of sampling, the model 
indicates that data scattered zonally around XBT transects in general can lead to about 2 dyn cm error 
in dynamic height (equivalent to a 10-m error in model pycnocline displacement) in composite sections of 
XBT data. This magnitude of error generally does not obscure anomalies associated with the 1982-1983 
EI Niño or the annual and semiannual harmonics of the mean seasonal cycle in the model, though 
frequencies higher than the semiannual can be adversely affected. Errors larger than 2 dyn cm occur in 
regions where XBT sample spacing in the zonal direction is insufficient to resolve Rossby wave variations 
in the model (for example, from 16"N to 20"N in the central Pacific and from 8"s to 20"s in the eastern 
Pacific). These conclusions are insensitive to the choice of monthly mean wind stress used to force the 
model. 
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1. INTRODLJCTTON 
The Tropical Ocean-Global Atmosphere program (TOGA) 
is a lo-year multinational program to measure, understand, 
model, and predict variability in the coupled ocean- 
atmosphere system on time scales of months to years, with 
(ENSO) phenomenon. A central oceanographic objective is to 
resolution to determine the time dependent variability of 
upper ocean thermal and current structures. Data from the 
tropical Pacific ship of opportunity (SOP) expendable bathy- 
thermograph (XBT) program [National Academy of Sciences, 
19861, together with complementary conductivity-tempera- 
ture-depth (CTD) data, hydrocast data, and XBT data from 
research and naval vessels, are an important component of 
this observational effort in that they provide basin-scale tem- 
perature information in the upper 450 m. 
A number of recent studies have dealt with tropical Pacific 
thermal sampling issues of relevance to TOGA. For example, 
White et al. [1982] estimated time and space scales and signal- 
to-noise ratios of climate scale variability from pre-1979 hy- 
drographic data in the western Pacific. This study provided a 
rationale for the design of an SOP network to detect large- 
scale interannual variations in thermal structure associated 
with ENSO. More recently, Kessler et al. [1985] have used 
SOP XBT data to address issues of oversampling in the cen- 
tral Pacific, of the shallow 450-m reference level, and of data 
loss with increasing depth. Kessler and T'fi [1987] examined 
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the implications of using a climatological temperature-salinity 
(T-S)  relationship for estimating dynamic height from temper- 
ature alone in the central Pacific. Firing und Lukas [1985] 
investigated the effects of aliased high frequencies on central 
equatorial Pacific temperature data sparsely sampled in time. 
These and other efforts to define errors inherent in thermal 
field sampling strategies have made an important contribution 
to quantitative analyses of existing XBT data. 
XBT data are commonly processed for analysis in two ways. 
One is to grid the data on horizontal planes for mapping [e.g., 
White et al., 19851, and the other is to group data scattered 
zonally about major shipping lanes into two-dimensional ver- 
tical sections [e.g., Kessler and Taft, 19871. The error associ- 
ated with grouping scattered data into vertical sections has 
not yet been evaluated because of limitations in the observa- 
tional data base. An error analysis using field data would 
require large numbers of simultaneous casts separated zonally 
in such a way that temporal aliasing could be ruled out as a 
source of error. Data separated in time by even a few hours 
would not satisfy this requirement because of internal wave 
noise. 
The purpose of this study is therefore to use a linear, multi- 
ple vertical mode model to examine potential errors involved 
in grouping zonally scattered data into vertical sections. This 
model has been used in a study of the mean seasonal cycle for 
the period 1979-1981 [McPhaden et al., this issue], and simi- 
lar versions of the model have been used to study the 1982- 
1983 El Niño [e.g., Busalacchi and Cane, 1985; Znoue et al., 
19871. In each case, quantitative agreement was found be- 
tween observed and modeled sea level, dynamic height, andfor 
thermocline depth variability. Also, in a similar linear, 
reduced-gravity model of the tropical Pacific run with 
monthly winds for the period 1961-1984, M. Kubota and J. J. 
O'Brien (Variability of the upper tropical Pacific Ocean 
model, submitted to Journal of Geophysical Research, 1987) 
found meridional decorrelation scales of about 4" latitude and 
zonal decorrelation scales of typically 10" to 20" of longitude 
for model pycnocline depth. These are comparable to the 
scales reported by White et al. [1982, 19851 for variations on 
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Fig. 1. Distribution of XBT data in the tropical Pacific for the period 1979-1983. Shaded areas indicate groupings of 
XBT data in the eastern, central, and western Pacific. 
seasonal time scales observed in hydrographic and XBT data, 
so that the model can be used with confidence in a discussion 
of sampling errors. 
We examine the period 1979-1983 because there are several 
contemporaneous monthly wind products that can be used to 
force the model and extensive XBT data coverage (Figure 1). 
The procedure is to sample model integrations at a series of 
grid points closely approximating straight lines which corre- 
spond to the mean positions of XBT transects in the eastern, 
central, and western Pacific. The model is then sampled at the 
dates and locations of actual XBT casts in each of the three 
regions defined in Figure 1. In each case, model data are 
processed to a mean seasonal cycle and 1982-1983 El Niño 
anomalies in dynamic height. Differences in the two methods 
of sampling provide a measure of the potential for error due 
to zonal scatter about the mean position of the XBT tracks. 
This paper is outlined as follows. The XBT data distribution 
and sampling patterns are described in section 2, followed by 
a discussion in section 3 of the numerical model and wind 
forcing used for the sampling experiments. Results of the simu- 
lation experiments are presented in section 4, and a summary 
of major conclusions is presented in section 5. The principal 
results of this work are that data scatter leads to aliasing of 
zonal variations which may introduce a 2 dyn cm error in 
dynamic heights (equivalent to 10-m pycnocline or thermo- 
cline displacements) in composite sections of XBT data 
(though larger errors may occur in regions where ship tracks 
are separated by 10" or more of longitude). This 2 dyn cm 
error, which is comparable to other observational errors (e.g., 
due to use of mean T-S relationship or to the aliasing of 
internal waves) should not obscure detection of EI Niño 
anomalies or of annual and semiannual harmonics in the 
mean seasonal cycle. Frequencies higher than the semiannual, 
however, may be adversely affected. 
2. XBTDATA 
Figure 1 shows the distribution of nonredundant, research 
quality thermal data available to the TOGA community in the 
tropical Pacific for the period 1979-1983. The total number of 
casts is close to 35,000, which includes the SOP XBT data, 
additional XBT data from national hydrographic offices and 
navies, and some CTD and hydrocast data (J. Picaut et al., 
manuscript in preparation, 1988 (hereinafter referred to as 
Picaut et al., 1988)). Many of these data are concentrated 
along well-traveled shipping lanes in the eastern Pacific, cen- 
1 
tra1 Pacific, and western Pacific. For the period 1979-1983, 
the regions outlined in Figure 1 contain a total of 18,565 XBT 
casts of which 4550 are in the eastern, 8229 in the central, and 
5786 in the western Pacific. Data have been grouped without 
regard to longitude in these regions, producing data densities 
of 2.8, 3.3 and 2.4 XBTs per month per degree latitude, respec- 
tively. These regions have been defined subjectively for other 
studies [e.g., McPhaden et al., this issue; Picaut et al., 19881 so 
that they contain at least one XBT per month per degree of 
latitude, though other groupings are possible [e.g., Kessler and 
Taft, 19871. Within each region there is a spread of data in the 
longitudinal direction, however. Most of the data in the west- 
ern Pacific tend to be concentrated along a single track be- 
tween Nouméa and Japan for the 1979-1983 period covered 
in this study. Data in the cental Pacific are spread across two 
broad swaths which intersect around loos, 175"W, but which 
are separated by more than 20" of longitude at 20"N. In the 
eastern Pacific, two heavily traveled tracks diverge south of 
the equator and are separated by more than 10" of longitude 
by 10"s. 
Figure 2 shows surface dynamic height relative to 400 dbar 
calculated by averaging data from 1979-1983 along the cen- 
tral Pacific track into bins of 1" latitude and 1 month. Dynam- 
ic height has been calculated using XBT temperatures and 
mean T and S from Leuitus [1982]. We present these data for 
a brief comparison with model simulated dynamic height in 
section 4. More extensive discussion of the data can be found 
in the paper by McPhaden et al. [this issue]. 
Figures 2u-2d show the mean seasonal cycle for 1979-1981, 
the annual mean for 1979-1981, seasonal variations about the 
annual mean, and the standard deviation of mean seasonal 
cycle, respectively. In the central Pacific, the North Equatorial 
Countercurrent (NECC) trough is located on average at 10"N 
(Figure 2b), and is shallowest in boreal spring and deepest in 
boreal fall (Figure 2 4 .  There is an equatorial ridge at 5"N and 
an equatorial trough centered on the equator. Variability in 
the vicinity of the equatorial ridge and trough is in phase, with 
low sea level in boreal spring and early summer and high sea 
level in boreal fall (Figure 24. A South Equatorial Counter- 
current (SECC) ridge near 8"s is highest in boreal spring and 
lowest in boreal fall. A typical standard deviation of monthly 
means across 20"N to 20"s is 2-3 dyn cm, with values of 5-6 
dyn cm in thel vicinity of the NECC trough and equatorial 
ridge (Figure 24. Currents associated with this ridge-trough 
topography are the North Equatorial Current (NEC) north of 
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Fig. 2. XBT data processed to dynamic heights relative to 400 dbar as a function of latitude and longitude from the 
central Pacific swath of data in Figure 1 for the period 1979-1983; (u) Monthly means, (b) annual mean, (c) monthly 
anomalies computed as the difference of the annual mean from the monthly mean, (d) mean seasonal standard deviation 
computed from monthly anomalies, (e) El Niño anomalies of July 1982 through June 1983 from the mean seasonal cycle, 
and (f) standard deviation of the El Niño anomalies. The contour interval is 5 dyn cm in Figure 2u and 4 dyn cm in 
Figures 2c and 2e. Cross hatching in Figure 2e indicates that no XBT data were available. 
10"N, the NECC between 5"N and 10"N, the South Equa- 
torial Current (SEC) between 5"N and 8"s and the South 
Equatorial Countercurrent (SECC) between 8"s and 12"s in 
boreal spring. 
Figure 2e shows El Niño anomalies of July 1982 through 
June 1983 from the 1979-1981 mean seasonal cycle, and 
Figure 2f shows their standard deviation. For our purposes it 
is important to note that El Niño anomalies, which often 
exceed 10 dyn cm, are larger in general than variations in the 
mean seasonal cycle, particularly between 5" and 10"s. Kessler 
and Taft  Cl9871 find similar variations in dynamic topogra- 
phy in the central Pacific using an XBT data set similar to 
ours, but with about 35% fewer data during 1979-1983. 
- 
3. MODEL AND WIND FORCINGS 
The model used in tliis study is similar to that employed by 
Busalacchi arid O'Brien [ 19801. A linear, numerical treatment 
of the shallow water wave equations is used here to address 
sampling questions with respect to the wind-driven dynamic 
response of the tropical Pacific Ocean. Changes to the- pre- 
vious verison of the model include increased horizontal resolu- 
tion of 40 km between like variables and a horizontal Lapla- 
cian friction of lo7 cm2 s-'. The model basin extends from 
20"N to 20"s and 126"E to 70"W. A no-slip condition is im- 
posed along the idealized coastal boundaries, and an open 
6oundary condition [Roed arid Smedstad, 1984) is applied at 
the northern and southern boundaries. Model height field 
solutions are generated for the four gravest baroclinïc modes 
of a specific Brunt-Väisälä profile. A final solution is found by 
summing the individual contributions of all four modes. The 
modal decomposition, based on stratification data between 
1.5"N and 1.5"s at 179"W as presented by Erikserz et al. 
[1983], is also the same as that used by Cane [1984] and 
Busalacchi aiid Cane [1985]. These data were chosen because 
they were obtained within the equatorial waveguide in a 
region with significant wind stress fluctuations on seasonal 
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Fig. 3. FSU zonal wind stress (in dyn cm-'): (a) mean for 1979-1981, (b) standard deviation of the mean seasonal 
cycle for 1979-1981, and (c) standard deviation of 1979-1983 anomalies about the mean seasonal cycle. Dashed contours 
in Figure 3a indicate westward wind stress. 
and interannual time scales. The internal wave speeds for the state of no motion and in response to a mean seasonal wind 
four vertical modes are c1 = 2.90 m s-', c2 = 1.77 m s-', stress for 1979-1981, an exact repeating seasonal cycle is ob- 
c3 = 1.13 m s-', and C, = 0.84m s-'. tained basin-wide after a spin-up of 12 years for mode 1, 22 
Because of the range of the four wave speeds, the time step years for mode 2, 42 years for mode 3, and 62 years for mode 
of the model is mode dependent. All mode 1 calculations have 4. After the seasonal cycle has spun up, the u, u, and h fields at 
a 1-hour time step, whereas the slower speeds of modes 2-4 the end of the mean seasonal year are used as the initial 
permit a 2-hour time step without compromising numerical conditions for a 5-year integration forced by individual 
stability. Similarly, the time required for initial transients to monthly mean wind stresses for 1979 through 1983. 
die out during spin-up is mode dependent. Beginning from a The model integrations are performed using three different 
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Fig. 4. Model sea level response to FSU wind forcing (in centimeters): (a) mean for 1979-1981, (b) standard deviation 
of the mean seasonal cycle for 1979-1981, and (c) standard deviation of 1979-1983 anomalies about the mean seasonal 
cycle. Solid (dashed) contours in Figure 4a indicate elevated (depressed) sea level relative to an ocean at rest. Heavy lines in 
Figure 4b indicate the approximate mean position of XBT distributions in the eastern, central, and western Pacific. 
1 '  
wind stress products for which monthly means are currently wind observations performed by J. Sadler at the University of 
available for January 1979 through December 1983. Two of Hawaii. The derivation of monthly mean surface wind and 
these data sets are derived from subjective analyses, and the wind stress on 2.5" x 2.5" grid is described by Sadler and Kil- 
third is derived from an operational objective analysis. One of onsky [1985] and Sadler et al [1987]. The third data set we 
the subjective analysis is the Florida State University (FSU) use is an objectively analyzed operational product from the 
analysis of ship wind observations provided by J. J. O'Brien. Global Band Analyses of the U.S. Navy's Fleet Numerical 
The analysis procedure of transforming individual shipboard Oceanography Center (FNOC). An objective analysis based 
observations into monthly mean wind stress fields on a on Cressman [1959] is used on all reports (ship, island, buoy, 
2" x 2" grid is described by Goldenberg and O'Brien [1981]. etc.) in an operational data base for 6-hour intervals on a 
The other subjective analysis (referred to as UH) is a combi- 2.5" x 2.5" grid. Six-hourly stresses are computed and 
nation of satellite-observed, low-level cloud motion vectors, averaged to form the monthly means used here. In the present 
ship wind observations, island wind observations, and buoy study a constant drag coefficient of 1.5 x is used to con- 
1. 
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Fig. 5. Dynamic heights relative to 400 dbar as in Figure 2, but for the central Pacific grid point transect from the model 
,forced by FSU winds for the period 1979-1983. 
vert from wind to wind stress for each of the three wind data 
sets. 
The 1979-1981 mean zonal wind stress from the FSU 
analysis is shown in Figure 3a. The easterly component of the 
northeast and southeast trade winds is predominant over most 
of the basin. Quite evident are the core regions ( > O 3  dyn 
cm-*) of the trades poleward of 10". Weak mean westerlies 
are present at low latitudes at the extreme ends of the basin. 
In general, similar mean features are present in the UH and 
FNOC fields. The standard deviation of the mean seasonal 
cycle for 1979-1981 is shown in Figure 3b. Zonal wind stress 
fluctuations over this 3-year period are smallest within 5" of 
the equator and in the southeastern tropical Pacific. The larg- 
est fluctuations (> 0.4 dyn cm-') occur off the equator, where 
gradients in the mean zonal wind stress are largest, and also 
within the monsoon regimes of both hemispheres in the west. 
Basin-wide, 6 0 4 0 %  of this mean seasonal variability is due to 
the annual harmonic. The standard deviation of zonal wind 
stress anomalies about the mean seasonal cycle is shown in 
Figure 3c. Variations are dominated by the extreme anomalies 
associated with the 1982-1983 El Niño. The largest variability 
occurs near and south of the equator in the central Pacific in 
regions where the mean seasonal fluctuations are generally 
small (compare Figure 3b). Similar large-scale features of the 
variability are present in the UH and FNOC analyses as well. 
The mean 1979-1981 sea level modeled in response to the 
FSU wind forcing is presented in Figure 4a. The sea level 
distribution is characterized by a system of zonally oriented 
of the model solution. Between the sea level ridge at 20"N and 
the trough at 9"N flows a westward directed North Equatorial 
current is flanked by the North Equatorial Countercurrent 
trough to the north (9"N) and an equatorial ridge to the south 
(2"-4"N). Considerably less structure is found in the southern 
hemisphere, where a weak South Equatorial Current is found 
between 6" and 20"s. Mean seasonal fluctuation are summa- 
rized by a standard deviation of the variability for 1979-1981 
(Figure 4b). As in the winds, 6040% of the variance is associ- 
ated with the annual harmonic. The largest seasonal changes 
( > 8  cm) occur in the northeastern corner of the basin in a 
region known as the Costa Rica dome. Further to the west, 
troughs and ridges delineating the major geostrophic currents 
Current. An eastward flowing North Equatorial Counter- 
q .  
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Fig. 6. Dynamic heights relative to 400 dbar as in Figure 5, but for the central Pacific model XBT transect. 
8125 
most of the dominant variability is found within the same 
latitudinal band of 10°-15"N, resulting in seasonal changes to 
the NEC-NECC system. Maxima in the southern hemisphere 
are representative of seasonal changes to the South Equatorial 
Current and the reversal and intensification of a South Equa- 
torial Countercurrent. The pattern of interannual fluctuations 
about the mean seasonal cycle, which is dominated by the 
1982-1983 EI Niño, is shown in Figure 4c. The variations are 
stronger in general than for the mean seasonal cycle and have 
a somewhat different pattern. Variations in excess of 10 cm 
rms occur east of 120"W between 10"N and loos, and west of 
160"W between 10" and 15"N and between 5" and 10"s. 
.' 
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4. RESULTS OF SAMPLING EXPERIMENTS 
The results presented in this section are derived from sam- 
pling the model in two different ways. The first is to extract 
data from the model along "grid point transects," i.e., from 
approximately straight lines of grid points in the model that 
correspond to the mean position of XBT tracks in the eastern, 
central, and western Pacific. Grid point transects are superim- 
posed on the sea level standard deviation plot in Figure 4b. A 
mean seasonal cycle for 1979-1981, as well a the July 1982 
through June 1983 anomalies from this seasonal cycle, are 
then computed at each degree of latitude. The second method 
of extracting data from the model is to sample at the exact 
dates and latitude-longitude positions of actual XBT casts 
during 1979-1983. Data are then binned by month and by 
degree of latitude in each of the three regions outlined in 
Figure 1 for computation of a mean seasonal cycle and EI 
Niño anomalies. Data density in time (2.8-3.3 XBTs per 
month per degree latitude) is sufficient to resolve the highest 
model frequency of 1 cycle per 2 months, so that any differ- 
ences between these "XBT transects" and the corresponding 
grid point transects result from aliasing of zonal variations in 
the model. For consistency with XBT measurements, model 
dynamic heights are computed relative to 400 dbar, though 
the correlation between model sea level and dynamic heights 
is high as is the correlation between observed sea level and 
dynamic heights in the tropics [e.g., Rebert et al., 19851. 
Figure 5 shows variations along the grid point transect 
taken from the central Pacific in the model. We note that as in 
the observations (Figure 2), the NECC trough is located near 
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Fig. 7. The dynamic height difference field obtained by subtracting the grid point transect from the XBT transect. 
Figures 7a-7e are as defined in Figure 2. The contour interval is 5 dyn cm in Figure 7a and 2 dyn cm in Figures 7c and 7e. 
10'1 (Figure 5b), and is shallowest in boreal spring and deep- 
est in boreal fall (Figure 54. Similarly, near the equator, dy- 
namic height is low in spring and summer and high in winter. 
Variations are comparable in magnitude to those in the XBT 
data shown in Figure 2, with a maximum just north of the 
NECC trough of 7 dyn cm and another maximum near 3"N 
(2" latitude south of the corresponding maximum in the data) 
of 5 dyn cm. Anomalies in 1982-1983 (Figures 5e and 5f) are 
generally stronger than variations in the mean seasonal cycle, 
especially between 5" and 10"s in the first part of 1983 when 
there is a very large depression of 20-30 dyn cm in surface 
elevation similar to that seen in Figure 2e. There are signifi- 
cant differences between the data sets, however, which are 
elaborated on by McPhaden et al. [this issue]. The model has 
very high north and south equatorial ridges at 20"N and 20"s 
and no mean equatorial trough. Also, the model section con- 
tains a maximum in dynamic height variability near 4"s which 
is absent in the data. Finally, the SECC ridge is best devel- 
oped in boreal fall near 10"s in the model as compared with 
near 8"s in boreal spring in the data. Thus as expected, the 
model is an imperfect analogue of the real ocean, though the 
model variability has many features in common with that in- 
ferred from XBT data. We proceed with a sampling sensitivity 
study with these limitations in mind. 
Figure 6 shows the effect of sampling the model at XBT 
times and locations. Most of the major features evident in the 
grid point transect are evident in the XBT transect (for exam- 
ple, the seasonal variations in the NECC trough and along the 
equator). However, there is a significant amount of small-scale 
noise introduced into the analysis due to aliasing of zonal 
variations around the mean position of the XBT transect. The 
most noticeable effects of this noise are a reduction in ampli- 
tude of mean seasonal variations near 12"N and very large 
amplitude fluctuations between 16"N and 20"N. Figure 7 
shows the noise field more clearly, where we have defined 
noise as the difference between the XBT transect minus the 
grid point transect time series. (The difference during 1982- 
1983 is the difference of the total dynamic height time series, 
not the anomaly time series, since differences of the latter 
include differences of the mean seasonal cycle). The error on 
average is about 2 dyn cm for both the mean seasonal cycle 
and the El Niño period, except between 16"N and 20"N where 
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Fig. 8. Dynamic heights from the model XBT transect in Figure 6 smoothed with a 1-2-1 latitudinal filter: (a) deviations 
in both cases it rises well above 4 dyn cm. The reason for this 
large error in the northernmost portion of the XBT transect is 
that the data are collected along two broad swaths separated 
by more than 20" of longitude. At this separation, first vertical 
mode Rossby waves at the annual period, which are an impor- 
tant source of variability at these latitudes in the model, are 
badly aliased because their zonal wavelengths are only about 
17" of longitude. 
Noise levels in the XBT transect can be reduced slightly by 
averaging in latitude and/or time. Figure 8, for example, 
shows the effects of passing a 1-2-1 filter over the mean sea- 
sonal data in the latitudinal direction at one degree intervals. 
Variations in dynamic topography are smoother than in the 
XBT transect in Figures 6c and 6d and features corresponding 
to the grid point transect in Figure 5 are better defined. How- 
ever, noise levels are still about 2 dyn cm in amplitude. More- 
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over, smoothing does not recover the signal amplitude at 
12"N, nor does it eliminate the noise variance between 16"N 
and 20"N. 
Comparison of Figures 5 and 7 suggests that noise due to 
data scatter is more of a problem for detection of typical 
seasonal variations than for El Niño anomalies. Mean season- 
al variations are of smaller amplitude than El Niño variations, 
but noise levels are comparable for both (except between 16"N 
and 20"N). We thus examine the limits of detectability in 
greater detail for seasonal variations. Figure 9 shows model 
frequency spectra of mean seasonal dynamic height variance 
averaged over all latitudes in the central Pacific. Figure 9a 
shows the total variance for the grid point transect, the XBT 
transect, the XBT transect smoothed in latitude with a 1-2-1 
filter and the XBT transect smoothed in time with a monthly 
1-2-1 filter. The spectra are red with most variance at 1 cycle 
C O O R I D  P I  121'1 
0 Q O R l O  P I  1217 
A ,  t 
Fig. 9. (u) Latitudinally averaged dynamic height variance relative to 400 dbar (in dynamic cmz) as a function of 
frequency for the grid point transect, the XBT transect, the XBT transect smoothed in latitude with a 1-2-1 filter (i.e., 
121Y) and the XBT transect smoothed in time with a 1-2-1 monthly filter (i.e., 121T): (u) total variance, (b) signal variance, 
and (c) noise variance due to zonal aliasing and (d) a signal-to-noise spectrum computed as a ratio of spectral coefficients 
in Figure 9b to those in Figure 9c. 
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Fig. 10. Dynamic height annual means and mean seasonal stan- 
dard deviations relative to 400 dbar (in dynamic centimeters) from 
grid point transects in the eastern, central, and western Pacific (solid 
lines) superimposed on noise due to zonal aliasing in XBT transects 
(dashed lines). 
per year (cpy) in each case. Energy levels in the XBT transect 
are higher at all frequencies compared with the grid point 
transect owing to small-scale noise. Smoothing in latitude 
and/Ör time reduces variance levels at the higher frequencies 
where this noise is most prominent. Figures 9b and 9c sepa- 
rate the signal and noise components of the total spectra in 
Figure 9a. Smoothing in latitude does not remove much signal 
variance, whereas noise levels are reduced uniformly in fre- 
quency. Conversely, smoothing in time eliminates the highest 
frequencies in both the signal and noise spectra. 
Signal-to-noise variance ratios for the XBT transect and the 
XBT transect smoothed in latitude are shown in Figure 9d. 
Signal to noise for the XBT transect smoothed in time is 
identical to that for the unsmoothed XBT transect because 
both signal and noise are reduced in proportion to one an- 
other. Signal-to-noise variance ratios at 1 cpy are 5.6 for the 
XBT transect and 6.7 for the latitudinally smoothed version of 
the XBT transect. This ratio drops to near unity at 2 cpy and 
is less than 0.5 for all higher frequencies. 
Thus we can conclude from Figure 9 that zonal aliasing due 
to data scatter affects all frequencies in monthly mean time 
series and that it most severely impacts frequencies higher 
than 1 cpy. Signal-to-noise variance drops below unity at 2 
cpy, which marks the probable limits of accurate frequency 
resolution. Smoothing in time leads to lower overall noise 
levels than smoothing in latitude, while the latter leads to 
higher signal-to-noise ratios at low frequencies which contain 
most of the signal variance. 
Figure 10 presents plots of the annual mean and standard 
deviation of model dynamic height along transects in the east- 
ern, central, and western Pacific. Both signal amplitudes and 
noise amplitudes are presented for comparison. We see that 
like the central Pacific, data scatter in general introduces 
about a 2 dyn cm error in the eastern and western Pacific. 
Estimates of mean dynamic topography are relatively unaffec- 
ted, and signal amplitude for the mean seasonal cycle is gener- 
ally greater than noise amplitude by a factor of 2. Areas where 
the noise amplitude rises significantly above 4 dyn cm are 
found between 16"N and 20"N in the central Pacific as noted 
above, and in the eastern Pacific between 8"s and 16"s. Noise 
amplitude is also consistently higher than the signal amplitude 
in both these regions (extending to 20"s in the east) where 
XBT data are collected along shipping lanes separated by 
about 10" of longitude or more (Figure 1). In the model, these 
regions are strongly affected by Rossby wave radiation at 1 
cpy which is badly aliased by the sampling distribution of 
XBT data. 
The sampling sensitivity studies discussed above were re- 
peated for the model driven by the UH and FNOC wind 
products. Figure 11 shows the noise levels in dynamic height 
for the mean seasonal cycle in the central Pacific. All three 
model results show a mean and standard deviation noise level 
of 1-3 dyn cm except between 16"N and 20"N, where errors 
can be 4 dyn cm or more. The FNOC calculation tends to 
show slightly lower noise levels along this transect between 
15"N and 15"S, though this is not true in general in the east- 
ern and western Pacific. Thus our basic results are insensitive 
to which wind set is used to force the model. 
5. SUMMARY AND CONCLUSIONS 
In the preceding sections we described a series of sampling 
sensitivity experiments to examine potential errors due to data 
scatter around XBT transects in the tropical Pacific Ocean on 
estimates of mean seasonal and EI Niño dynamic height vari- 
ations. We have used a linear, multiple vertical mode model 
forced with three different monthly mean wind stress sets for 
the period 1979-1983. The model is sampled at approximately 
straight lines of grid points corresponding to the mean posi- 
tions of XBT tracks in the eastern, central, and western Pacific 
and then sampled again at the dates and locations of actual 
XBT casts for 1979-1983. Model data are processed to a mean 
seasonal cycle and EI Niño anomalies in dynamic height with 
a resolution of 1" in latitude and 1 month in time. Comparing 
results for the two methods of sampling indicates that data 
scatter in general may lead to about an error of 2 dyn cm in 
dynamic height in composite XBT sections due to aliasing of 
zonal variations about the mean position of the XBT tran- 
sects. The error in dynamic height translates into about a 
10-m pycnocline displacement in the model. In general, salini- 
ty has a secondary effect on density stratification in the trop- 
ics, so that these pycnocline displacements would be mirrored 
in thermocline displacements. 
The 2 dyn cm error is comparable to the error that results 
in the ocean from unresolved internal gravity waves [Huyes, 
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Fig. 11. Noise in dynamic height relative to 400 dbar due to zonal aliasing in the central Pacific for the model driven 
by FSU (solid lines), UH (dotted lines), FNOC (dashed lines) wind fields: (u) annual mean and (b) mean seasonal standard 
deviation. 
19821, as is the equivalent 10-m error in thermocline displace- 
ment [e.g., Munk, 19811. This error is also comparable to the 
error of 1-2 dyn cm expected from using a mean T/S relation- 
ship to estimate dynamic heights from XBT data [Kessler and 
T u f ,  19871. This magnitude of error generally does not ob- 
scure detection of the 1982-1983 El Niño signal or of the 
weaker mean seasonal cycle in the model. Exceptions to this 
generalization occur in regions where XBT sample spacing in 
the zonal direction is insufficient to resolve Rossby wave vari- 
ations in the model. Specific sites of severe aliasing are 16"N 
to 20"N in the central Pacific and 8"s to 20"s in the eastern 
Pacific. Smoothing in latitude and/or time can reduce noise 
levels slightly but cannot eliminate the effects of aliased zonal 
variations. In the model we also found that detection of the 
mean seasonal cycle was limited to 1- and 2-cpy variations, 
since at higher frequencies signal-to-noise ratios dropped 
below unity. Thus caution should be exercised in drawing 
conclusions at frequencies higher than 2 cpy from XBT data 
grouped along transects as in Figure 1. These results a re  in- 
sensitive to the choice of wind forcing used in the model, since 
comparable noise levels and patterns appear in simulations 
forced by the FSU, UH, and FNOC winds. 
We performed a similar set of calculations for geostrophic 
transport per unit width over O to 400 m. Transports were 
calculated orthogonal to each transect for latitudes poleward 
of 2"N and 2"s. In the mean, the largest transport errors 
occurred equatorward of lo", where the geostrophic calcula- 
tion is most sensitive to small-amplitude dynamic height fluc- 
tuations. Both here and at higher latitudes, however, mean 
errors were relatively small and did not obscure the main 
features of the mean circulation. Errors in time-varying trans- 
port were about 10 mz s-l  (equivalent to 5 cm s-l over 200 
m), with larger values near the equator and smaller values at 
higher latitudes. The signal-to-noise amplitude ratio was typi- 
cally closer to unity, which is lower than that for dynamic 
height. This is consistent with the fact the transport is a spatial 
derivative and therefore a high-pass-filtered version of dynam- 
ic height. Dynamic height variations tend to be most energetic 
on large space scales whereas noise variations tend to be white 
in wave number space. Hence signal-to-noise is less favorable 
on the smaller scales on which transport variations occur. 
The fact that the model used in this study is linear and 
forced by monthly winds means that it can simulate only fre- 
quencies lower than 6 cpy. It is known that there is significant 
energy at higher frequencies in the tropics due to instabilities 
of the large-scale current system [e.g., Legeckis et al., 19831, 
wind forcing [e.g., Wunsch and Gill, 19761, and tidal forcing 
[e.g., Weisberg et al., 19871. To the extent that these higher 
frequencies can have zonal scales comparable to or smaller 
than the XBT sample spacing, as is the case for instability 
waves with O(100 km) zonal scales, our results probably 
underestimate the sampling errors due to data scatter in com- 
posite XBT sections. 
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